Introduction
Similar to pancreatic and colon tumors, thyroid tumors exhibit a high frequency of Ras mutation (Lemoine et al., 1990; Suarez et al., 1990) . Ras mutations are found at similar frequencies in benign adenomas and dierentiated carcinomas, suggesting that they are an initiating event in thyroid neoplasia (Lemoine et al., 1990; Namba et al., 1990; Suarez et al., 1990) . The eects of activated Ras on thyroid cells are exceedingly complex. Activated Ras extends the proliferative lifespan of human thyrocytes (Bond et al., 1994; Lemoine et al., 1990; . Similarly, Ras transformation confers hormone-independent proliferation to established rat thyroid cells (Fusco et al., 1987; Berlingieri et al., 1990; Miller et al., 1998) . In these cells, constitutive expression of activated Ras abolishes dierentiated gene expression (Avvedimento et al., 1985 (Avvedimento et al., , 1991 Fusco et al., 1987; Berlingieri et al., 1990; Francis-Lang et al., 1992; Kupperman et al., 1996) . Conversely, de-dierentiation was a rare event following Ras transformation of primary Wistar rat thyrocytes (Burns et al., 1992) as in human thyrocytes (Lemoine et al., 1990; Gire et al., 1999) . Recent studies indicate that acute expression of activated Ras can be accompanied by genomic instability and TSH-dependent apoptosis . Together, these results indicate that Ras elicits several eects in thyroid cells that could contribute to malignant transformation including enhanced proliferative capacity, de-dierentiation and stimulation of apoptosis. We report that Ras-expressing thyroid cells exhibit an enhanced sensitivity to apoptosis stimulated by matrix detachment as well as treatment with MAPK and PI3K inhibitors. These ®ndings suggest possible sites of intervention for selectively eliminating thyroid cells with Ras mutations.
Results

Ras sensitizes thyroid cells to apoptosis induced by matrix detachment
WRT cells survive for extended periods in basal medium devoid of TSH, insulin and serum. When stably expressed in WRT cells, activated Ras elicited only modest eects on apoptosis, as assessed by hypodiploid DNA content (Figure 1 ). Even following 3 days in the absence of all growth factors and serum, the vast majority of Ras-expressing cells exhibited a normal cellular morphology (data not shown) and DNA content. Notably, however, the frequency of apoptosis in Ras-transformed cells (approximately 15%) was higher than that in parental cells (5 ± 7%).
Ras has been reported to protect epithelial cells from detachment-induced apoptosis (Frisch and Francis, 1994; Khwaja et al., 1997) . To explore the role of matrix attachment in thyroid cell survival, cells were deprived of adhesion by plating onto agarose-treated petri dishes. Even in the absence of all growth factors, deprivation of adhesion elicited only a modest increase in the frequency of apoptosis in parental cells ( Figure  2a) . Strikingly, Ras-transformed cells exhibited a massive time-dependent increase in hypodiploid DNA content. To con®rm that hypodiploid DNA content was indicative of apoptosis, DNA was extracted and analysed by gel electrophoresis (Figure 2b ). Rastransformed, but not parental cells (data not shown) exhibited extensive DNA laddering, a hallmark of apoptosis. In the absence of adhesion, Ras-transformed cells also exhibited morphological features of apoptosis including cell shrinkage, membrane blebbing, chromatin condensation and micronuclei formation (data not shown).
Ras is a member of a large family of closely related small GTP-binding proteins. Rap1 proteins are 53% identical to Ras, and encode an identical eector domain. Interestingly, Rap1A is expressed at much higher levels than is Ras in rat thyroid cells (Tsygankova et al., 2001; Miller et al., 1998) . Unlike the eects observed in Ras-transformed cells, thyroid cells expressing a constitutively active Rap1A mutant (Rap1A63E) (Maly et al., 1994) did not exhibit an enhanced frequency of apoptosis upon detachment (Figure 2a) . Therefore, the eects of Ras to enhance adhesion-induced apoptosis appear to be at least partly selective for Ras.
Ras effector domain mutants elicit differential effects on anchorage-dependent apoptosis
To elucidate the signaling pathways through which Ras stimulates anchorage-independent cell death, cell lines stably expressing Ras eector domain mutants were utilized. Thyroid cells expressing Ras12V37G, Ras12V35S (White et al., 1995) and Ras12V40C (Joneson et al., 1996; Rodriguez-Viciana et al., 1997) were isolated and characterized previously (Miller et al., 1998; Cass et al., 1999; Cass and Meinkoth, 2000) . Despite their overexpression relative to endogenous Ras, the eector domain mutants retained their selectivity. Ras12V35S stimulated MAPK activity, Ras12V40C stimulated Akt activity, and Ras12V37G failed to activate MAPK (Miller et al., 1998; Cass and Meinkoth, 2000) . Ras12V37G-expressing cells died at frequencies quite similar to those observed in parental cells when deprived of adhesion ( Figure 3a ). The frequency of apoptosis was reduced in cells expressing Ras12V40C, and markedly enhanced in cells expressing Ras12V35S. Ras12V35S-expressing cells died at rates similar to those observed in Ras12V-expressing cells. Consistently, DNA laddering ( Figure 2b ) and PARP cleavage ( Figure 3b ) were observed in lysates prepared from Ras12V-and Ras12V35S-, but not from Ras12V37G-expressing cells. Ras12V35S stimulated apoptosis selectively in the absence of adhesion, similar to the eects of Ras12V (data not shown). The dierential eects of the Ras eector mutants on apoptosis were not explained by alterations in Ras expression which was similar in all four transfected cell lines ( Figure 3c ). These ®ndings implicate an important role for PI3K in anchorage-independent survival in thyroid cells, similar to reports in other cells .
Role of MAPK in thyroid cell survival
The enhanced frequency of apoptosis in Ras-transformed cells capable of activating the MAPK cascade implied a role for MAPK in the regulation of thyroid cell viability. To determine whether MAPK activity contributed to survival and/or apoptosis, its activity was examined in the presence and absence of adhesion ( Figure 4 ). As previously reported (Miller et al., 1998) , MAPK activity was constitutively elevated in the absence of TSH, insulin and serum in adherent cells expressing Ras12V and Ras12V35S, but not in Ras12V37G-expressing cells. MAPK activity was extinguished in Ras12V-and Ras12V35S-expressing cells following plating on agarose. Decreased MAPK activity was not a consequence of alterations in MAPK expression, which was similar in adherent and suspended cells. Notably, the decrease in MAPK activity observed upon cell detachment was selective. Phosphorylation of ribosomal protein S6, an indicator of p70 ribosomal S6 kinase activity, was not impaired following plating on agarose.
PI3K and MAPK contribute to the survival of adherent Ras-transformed cells
The results described above suggest that both PI3K and MAPK contribute to the survival of nonadherent Ras-transformed cells. To determine if this were also true in adherent cells, the eects of PI3K and MAPK inhibitors on cell viability were assessed. Inclusion of the PI3K inhibitor LY294002 had no eect on the survival of parental cells ( Figure 5 ). In contrast, LY294002 dose-dependently impaired the survival of Ras12V-and Ras12V35S-expressing cells. Similarly, the MEK1 inhibitor had no eect on the survival of parental cells, although it too impaired the survival of Ras-transformed cells (Figure 6 ). Neither inhibitor induced cell loss in Ras12V37G-or Ras12V40C-expressing cells (data not shown). Unlike the eects of PI3K and MEK inhibitors, interference with p70S6k activity by treatment with rapamycin did not induce cell loss in either parental or Ras-transformed cells (Figure 7a ) although rapamycin abolished TSH-stimulated S6 phosphorylation even 4 days following its addition to cells in basal medium (Figure 7b ). Taken together, the results indicate that Ras transformation sensitizes WRT cells to apoptosis induced by multiple insults including matrix detachment, and treatment with PI3K and MAPK inhibitors.
Discussion
The eects of Ras in thyroid epithelial cells are particularly interesting given the high frequency of Ras mutation observed in thyroid cancer. While it is generally agreed upon that expression of activated Ras confers hormone-independent proliferation to rodent and human thyroid cells, recent data suggests that the acute eects of Ras also include apoptosis . Our ®ndings demonstrate that, in contrast to what has been reported for other epithelial cells, Ras transformation sensitizes rat thyroid cells to apoptosis induced by multiple insults. These ®ndings reiterate the important contribution of cell type to the eects of Ras, and indicate that Ras eects must be examined in the appropriate cellular context in order to draw conclusions regarding its biological eects.
Epithelial cells are dependent upon adhesion to the extracellular matrix for their continued survival. Upon detachment, epithelial cells undergo apoptosis, a mechanism that may have evolved to ensure that they are unable to survive and proliferate at inappropriate sites. Although epithelial in origin, WRT cells are largely resistant to apoptosis induced by detachment. Approximately 90% of WRT cells remained viable for up to 72 h following matrix detachment even in the absence of TSH, insulin and serum. This appears to be a general feature of rodent thyroid cells as FRTL5 cells also survive at high frequencies following detachment, even in the absence of growth factors (Li et al., 1999) . Ras transformation has been reported to confer resistance to detachment-induced apoptosis in epithelial cells (Frisch and Francis, 1994; Khwaja et al., 1997) . Strikingly, constitutive expression of activated Ras sensitized WRT cells to apoptosis initiated by Figure 4 MAPK activity is repressed following deprivation of adhesion. Ras12V37G-, Ras12V35S-, and Ras12V-expressing cells were plated onto untreated (7) or agarose-treated (+) dishes and incubated in basal medium for 24 h. Total cell lysates were prepared and analysed by immunoblotting with phospho-speci®c MAPK, MAPK and phospho-speci®c S6 antibodies. Three to ®ve experiments were performed with the same results ) were plated in 3H and allowed to grow for 3 days. Duplicate plates of cells were then transferred to basal medium in the presence or absence of LY294002 at the indicated concentrations, and cell number determined by counting over the next 4 days matrix detachment, eects that dier from those reported in other epithelial cells. The relevance of our ®ndings made in an established rat cell line to thyroid cells in vivo remains to be established. Although primary (Di Matola et al., 2000) and established (Vitale et al., 1999) human thyroid cells reportedly undergo more extensive anoikis than established rat thyroid cell lines, the eects of Ras on anoikis have not been reported. However, primary human thyrocytes, like WRT cells, are resistant to a variety of apoptotic insults including activation of death receptors (Arscott et al., 1997; Bretz et al., 1999) . Intriguingly, Ras transformation renders human thyroid cells more sensitive to apoptosis induced by treatment with PI3K inhibitors , suggesting that the potentiating eects of Ras on apoptosis in thyroid cells are physiologically signi®cant.
The signaling pathways activated by Ras dramatically in¯uenced the sensitivity of thyroid cells to cell death. Signaling through PI3K conferred protection from detachment-induced apoptosis in these cells as in others . In contrast, signaling through Raf-1 enhanced apoptosis in suspended cells. While these ®ndings initially suggested that forced activation of MAPK resulted in apoptosis, MAPK activity was abolished following plating onto agarose. This may be a consequence of impaired integrin signaling, which is required for sustained MAPK activation (Lin et al., 1997) . While robust activation of MAPK does not provide the mechanistic basis for the stimulation of apoptosis, the factors that account for the selective sensitivity of Ras12V-and Ras12V35S-expressing cells to detachment-stimulated apoptosis remain to be identi®ed. One possibility is that Ras12V and Ras12V35S signal through pro-apoptotic eectors other than MAPK. Support for eectors in addition to MEK1 downstream from Ras12V35S has been generated. In FRTL-5 cells, expression of Ras12V impairs the activity of TTF-1, a thyroid-speci®c transcription factor. This eect was reproduced by an activated Raf-1 mutant, but only partially impaired by a MEK1 inhibitor suggesting that additional signals contribute to Ras-mediated inactivation of TTF-1 (Missero et al., 2000) . Similarly, in human thyroid cells activated Ras and Raf-1, but not MEK1, stimulate proliferation (Gire et al., 1999) . Based on these ®ndings, it is possible that Ras12V and Ras12V35S activate MEK1-independent signaling pathways that contribute to detachment-induced apoptosis. An alternative hypothesis is that apoptosis is a more generalized cellular response to sustained Ras activity, a signal that would be sensed as inappropriate and thereby initiate an apoptotic response (see below).
Unlike many cells where serum or growth factor deprivation is sucient to cellular demise, adherent thyroid cells are also resistant to apoptosis (Dremier et al., 1994; Jeso et al., 1995; Li et al., 1999; Vitale et al., 1999; . Fas ligation or addition of TRAIL, robust stimulators of apoptosis in many cells, required the concerted action of cycloheximide to stimulate apoptosis in human thyroid cells (Arscott et al., 1997; Bretz et al., 1999) . Even following 12 days in the absence of TSH, insulin and serum, WRT cells retain a normal morphology and reenter the cell cycle upon growth factor addition (Meinkoth, unpublished) . We now extend these ®nd-ings to show that WRT cells survive exposure to P13K or MAPK inhibitors, even in the absence of all survival signals such as TSH, insulin and serum. In contrast, treatment with LY294002 or PD98059 stimulated apoptosis in Ras12V-transformed cells in basal medium. These results indicate that even cells selected to survive in the face of increased Ras activity are more prone to apoptosis than parental cells. These ®ndings Figure 6 MAPK activity is required for the survival of Ras12V-transformed cells. Cells were plated and grown as described in legend to Figure 5 . Duplicate plates were then transferred to basal medium in the presence or absence of PD98059 and cell number determined over the next 4 days are in agreement with earlier reports that Rastransformed thyroid cells exhibit an enhanced sensitivity to serum withdrawal (Jeso et al., 1995) and phorbol ester treatment . More recently, LY294002 was shown to stimulate apoptosis in Rasexpressing, but not normal human thyroid cells .
Similar to the results observed following matrix detachment, Ras12V and Ras12V35S-expressing cells were more sensitive to apoptosis in response to MEK1 and P13K inhibitors than were cells expressing Ras12V37G or Ras12V40C. However, in the absence of inhibitor treatment, apoptosis in Ras-transformed cells was only marginally increased over the low level observed in parental cells. Therefore, Ras signaling to Raf-1 or other eectors is insucient to stimulate signi®cant levels of apoptosis in thyroid cells under the conditions used in this study. In the face of additional insults such as treatment with kinase inhibitors or impaired adhesion, Ras12V-and Ras12V35S-expressing cells perished at increased frequencies. These ®ndings suggest that Ras signaling to Raf-1 alters the set point at which apoptosis is induced. These results are reminiscent of those reported in Rat-1 ®broblasts where Ras12V, Ras12V35S and an activated Raf-1 mutant, but not other Ras eector mutants, enhanced apoptosis stimulated by c-myc (Kaumann-Zeh et al., 1997) . Taken together, these data highlight the critical role of signals activated by Ras, as well as other signals activated concomitantly, in the phenotypic outcome in response to activated Ras.
Ras is expressed at very low levels in WRT cells (Miller et al., 1998) . In contrast, Rap1, a close relative of Ras, is robustly expressed in these cells (Tsygankova et al., 2001) . Ras and Rap1 are closely related proteins that contain identical eector domains. Indeed, competition between these proteins for downstream eectors has been invoked as one mechanism through which Rap1 impairs Ras-mediated transformation (Kitayama et al., 1989) . Unlike Ras, stable expression of activated Rap1A did not enhance suspensioninduced apoptosis. This provides what may be the ®rst example of opposing eects of Ras and Rap1 on the regulation of cell survival, similar to their contrasting eects on thyroid dierentiation (Tsygankova et al., 2001) . As TSH is capable of activating both Ras (Tsygankova et al., 2000) and Rap1 (Tsygankova et al., 2001) in WRT cells, the balance in the activity of Rasand Rap1-mediated signaling may be an important determinant of thyroid cell homeostasis.
In sum, our ®ndings highlight the complexity of the biological eects of activated Ras. In thyroid cells, as in many other cell types, Ras elicits pleiotropic eects on cellular proliferation, dierentiation and apoptosis. These activities of Ras are markedly in¯uenced by cellular context, the signals activated by Ras, and crosstalk between Ras-mediated signals with other cellular signaling pathways.
Materials and methods
Reagents
Insulin, transferrin, crude bovine TSH and Coon's Modi®ed Ham's F12 medium were from Sigma (St. Louis, MO, USA). Calf serum was from GIBCO Life Technologies (Gaithersburg, MD, USA). LY294002 was obtained from BIOMOL Research Labs (Plymouth Meeting, PA, USA). PD98059 was from Cell Signaling Technologies (Beverly, MA, USA). Molecular biology grade agarose was from International Biotechnologies (New Haven, CT, USA). Antibodies to MAPK and activated MAPK were from Promega (Madison, WI, USA). The antibody to PARP was from Calbiochem (San Diego, CA, USA). The phospho-speci®c S6 antibody was a kind gift from Dr M Birnbaum (Department of Medicine, HHMI). DC protein assay kit was from Bio-Rad Laboratories (Hercules, CA, USA).
Cell culture
WRT cells were maintained in 3H medium and propagated as previously described (Kupperman et al., 1996) . The isolation and characterization of cells stably expressing activated human H-Ras (RasV12) and Ras eector domain mutants a b Figure 7 Rapamycin does not impair cell survival. (a) Parental and Ras-transformed cells were plated and grown as described in legend to Figure 5 . Duplicate plates were then transferred to basal medium in the presence or absence of rapamycin, and cell number determined over the next 4 days. (b) Cells were plated and grown as described above. Cells were transferred to basal medium in the presence or absence of rapamycin for 2 or 4 days. After each time, TSH was added for 45 min and S6 phosphorylation, an indicator of p70S6k activity, was analysed. Pretreatment with rapamycin prevented TSH-stimulated S6 phosphorylation for up to 4 days was described previously (Miller et al., 1998) . Cells stably expressing Rap1A63E are described in (Tsygankova et al., 2001) . Ras-and Rap1A-expressing cells were maintained in 3H medium containing 150 ug/ml G418.
Deprivation of adhesion
Agarose (1% in H 2 O) was heated to 658C and applied as a thin layer to cover the surface of petri dishes. Following cooling to room temperature for 10 min, 2610 6 cells were plated onto agarose-treated dishes in basal medium.
FACS analysis for hypodiploid DNA content
For experiments on tissue culture dishes, medium was removed to a centrifuge tube. Adherent cells were released by trypsinization and added to the recovered medium. For cells plated on agarose, medium and cells were removed by gentle pipetting. Following collection by centrifugation, cells were ®xed in MeOH for 30 min, stained with propidium iodide (0.1 mg/ml, 0.1% Triton X-100, 0.1 mM EDTA, 100 U/ml RNAse A in PBS) for 30 min and subsequently analysed on an EPICS XL¯ow cytometer (Coulter Corporation, Hialeah, FL, USA).
DNA fragmentation assay
Cells were washed twice with PBS, and DNA was extracted with the Easy-DNA kit from Invitrogen (San Diego, CA, USA). DNA was fractionated on a 1.2% agarose gel and stained with ethidium bromide.
Western blot analysis
Cells were lysed in 20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 40 mM Na pyrophosphate, 10 mM b-glycerophosphate, 50 mM NaF, 5 mM MgCl 2 , 200 mM Na orthovanadate, 10 mM EGTA, 1% Triton X-100, 0.5% DOC, 0.1% SDS) supplemented with leupeptin (20 mg/ml) and PMSF (3 mM) on ice for 10 min. Protein determinations were made and 20 mg of total cell protein was analysed by Western blotting.
Statistical analysis
Sample means and standard errors are reported for each experimental group.
